expression of VP35 prevents the IRF-3-dependent activation of the IFN-␣4 promoter in response to viral infection. The inhibition of IRF-3 appears to occur through an inhibition of IRF-3 phosphorylation. VP35 blocks virus-induced IRF-3 phosphorylation and subsequent IRF-3 dimerization and nuclear translocation. Consistent with these observations, Ebola virus infection of Vero cells activated neither transcription from the ISG54 promoter nor nuclear accumulation of IRF-3. These data suggest that in Ebola virus-infected cells, VP35 inhibits the induction of antiviral genes, including the IFN-␤ gene, by blocking IRF-3 activation.
Ebola viruses cause sporadic outbreaks of viral hemorrhagic fever in humans, such as recent outbreaks in Gabon and the Republic of Congo (89) (90) (91) . Fatality rates for Ebola hemorrhagic fever have ranged from 50 to 90% in different outbreaks (88) . Because it is highly lethal and causes dramatic symptoms, and because effective vaccines and therapies are lacking (14) , Ebola virus is classified by the Centers for Disease Control and Prevention and the National Institutes of Health as a category A bioterrorism agent (17, 41) .
The molecular mechanisms contributing to the high virulence of Ebola virus are only beginning to be unraveled (21, 78) . It is likely that virus-encoded proteins that inhibit the host cell interferon (IFN) response play a significant role in Ebola virus pathogenesis (6, 12) . Data from several other viruses have demonstrated an essential role for virus-encoded IFN antagonists in virulence. For example, mutants of influenza A viruses (23, 80) , Bunyamwera virus (15, 87) , paramyxoviruses (22) , vaccinia virus (8, 11) , and herpes simplex virus type 1 (19, 42, 49) , which lack or which possess altered viral IFN antagonists, are attenuated in mice. Evidence also suggests that full virulence of Rift Valley Fever virus requires the anti-IFN activity of the viral NSs protein (10) .
Ebola virus infection has been shown to block host cell responses to IFNs, to inhibit double-stranded RNA (dsRNA)-mediated induction of antiviral gene expression, and to block alpha/beta IFN (IFN-␣/␤) production in infected cells (7, 13, (27) (28) (29) , although Ebola virus infection has been reported to induce IFN production under some circumstances (31) . We previously demonstrated that the Ebola virus VP35 protein, an essential component of the Ebola virus RNA replication machinery (52, 53) , functions as an IFN antagonist (7) . VP35 expression rescued growth of a mutant influenza virus, influenza delNS1 virus, which lacks the influenza A virus NS1 protein, a previously described inhibitor of the IFN response (7) , demonstrating the ability of VP35 to counteract the antiviral effects of the host IFN system. Furthermore, expression of VP35 was able to inhibit the dsRNA or virus-induced activation of the beta IFN (IFN-␤) promoter or the IFN-inducible ISG54 promoter (7) . However, these experiments did not identify specific component(s) of the IFN response affected by VP35.
IFN regulatory factor 3 (IRF-3) is a constitutively expressed transcription factor. Inactive IRF-3 shuttles between the nucleus and cytoplasm and is predominantly cytoplasmic. However, following its activation by phosphorylation, IRF-3 accumulates in the nucleus, where it acts as a transcription factor (40, 45, 94) . Activation of IRF-3 is associated with serine/ threonine phosphorylation near its carboxy terminus, on serines 385 and 386 (94) and on a cluster of five serine and threonine residues (Ser 396, 398, 402, and 405 and Thr 404) (45) in response to virus infection (40, 45, 55, 74, 84, 94) . This carboxy-terminal serine/threonine phosphorylation of IRF-3 is thought to promote dimerization, the ability of IRF-3 to bind DNA in a sequence-specific fashion, and IRF-3 interaction with the histone acetyltransferases CBP and p300 (45, 46, 94) . It is not completely clear what specific products of virus infection lead to IRF-3 activation, although IRF-3 can be activated by dsRNA (73, 85, 86) and by at least some viral nucleocapsid proteins (34, 82, 84, 86, 94) . Two recent publications provide evidence that the virus-activated kinase(s) responsible for activation of IRF-3 are IKKε and TBK-1 (21a, 74a). IRF-3 activation has also been reported following activation of Toll-like receptors 3 and 4, leading to IFN production (38, 58, 59, 75) . Phosphorylation near the amino terminus of IRF-3 has also been reported following activation of stress-induced signaling pathways (36) , although the functional significance of this observation is not fully clear (72) .
IRF-3 contributes to the transcriptional activation of a number of genes, including the IFN-␤ gene and select IFN-␣ genes (84, 94) . The initial production of IFN-␣/␤, primarily IFN-␤ in most cell types, induces expression of numerous IFN-responsive genes, including expression of IRF-7. IRF-7 is also dsRNA and virus induced and activates a wider set of IFN-␣ genes than does IRF-3 (48, 70) . As a consequence, the initial activation of IRF-3 can ultimately result in a dramatic up-regulation of IFN and IFN-induced genes, resulting in a potent antiviral state. IRF-3 also induces a subset of genes previously described as IFN-inducible (26, 35, 45, 50, 54, 63, 84) . The degree to which this direct action of IRF-3 contributes to the establishment of an antiviral state is not clear, although the expression of the PKR and OAS genes, two important IFN-induced genes with known antiviral activity, is not directly activated by IRF-3 (54) . Activated IRF-3 may also promote apoptosis, another potential antiviral mechanism (32, 85) .
Because of its central role in the initiation of the antiviral state, several viruses encode inhibitors of IRF-3. These include influenza virus, human papillomavirus 16, human herpesvirus 8 (HHV-8), and vaccinia virus (44, 67, 79, 92) . Interestingly, paramyxovirus V proteins previously reported to block IFN-␣/ ␤-induced signaling by promoting STAT protein degradation (1, 20, 39, 60, 61, 64, 95) have been found to also inhibit IFN-␤ gene expression and to block IRF-3 activation (30, 64) . In this report, we demonstrate that the Ebola virus protein VP35 specifically targets the function of IRF-3, blocking a pathway that leads to IFN-␣/␤ gene expression, and that VP35 does not block IFN-␣/␤-induced signaling. We further demonstrate that VP35 prevents activation of IRF-3 and does so by blocking virus-induced phosphorylation of IRF-3. Finally, consistent with these observations, Ebola virus infection is shown to not induce an IRF-3 responsive promoter and to not induce IRF-3 nuclear translocation. The IRF-3 inhibitory activity of VP35 may make an important contribution to Ebola virus pathogenesis. Plasmids. The influenza A/PR/8/43 (H1N1) virus NS1 protein expression plasmid has been described previously (79) . The Ebola virus Zaire VP35, NP, and VP24 expression plasmids pcDNA3-Ebo VP35, pcDNA3-EboNP and pcDNA3.1-VP24 have also been described (7) . The Ebola Reston virus VP35 open reading frame (ORF) was amplified by reverse transcription PCR of RNA extracted from Ebola virus Reston-infected cells and cloned into the mammalian expression plasmid pCAGGS (57) . pCAGGS-HA-VP35(R) was constructed by placing a hemagglutinin (HA) tag sequence encoding the amino acids MYPYDVPDYA upstream of the Ebola virus Reston VP35 ORF and inserting this construct into pCAGGS (57) . The human IRF-3 cDNA was amplified by PCR from oligo(dT)-primed cDNA reverse transcribed from HeLa cell total RNA. The expression plasmid pCAGGS-hIRF3 was constructed by inserting a human IRF-3 cDNA, reverse transcription PCR amplified from HeLa cells with the primers hIRF-3/EcoRI/5Ј CCGGGAATTCATAATGGGAACCCCAAAG and hIRF-3/XhoI/3Ј CCGG CTCGAG TCAGCTCTCCCCAGGGCC, into the plasmid pCAGGS (57) . The IRF-3 region of this plasmid was mutated to the described sequence to generate a constitutively activated IRF-3 5D mutant in the pCAGGS expression plasmid, pCAGGS-IRF-3 5D. The plasmid pEGFP-C1-hIRF3 expresses green fluorescent protein (GFP) fused to human IRF-3. This plasmid was constructed by PCR amplification of IRF-3 from pCAGGS-IRF-3 and insertion of the IRF-3 ORF in frame with the GFP ORF in pEGFP-C1 (Clontech).
MATERIALS AND METHODS

Cells
Reporter gene assays. Transient transfection of Vero cells was performed by using Lipofectamine 2000 (LF2000) (Invitrogen) according to the manufacturer's instructions. Cells (1 ϫ 10 6 ) were transfected with 1 g of the ISG54 promoterdriven CAT reporter vector pHISG-54-CAT or of the human ISG56 promoterdriven firefly luciferase reporter plasmid ISG56 prom/pGL3b (26), 1 g of the constitutive expression plasmid Renilla luciferase reporter vector pRL-tk (Promega), and 4 g of the indicated expression plasmid. At 24 h posttransfection, cells were infected with SeV at a multiplicity of infection (MOI) of 4 or were mock infected. Twenty-four hours postinfection, cells were harvested and resuspended in phosphate-buffered saline (PBS). The resuspended cells were divided into two parts and lysed in reporter lysis buffer (Promega) for chloramphenicol acetyltransferase (CAT) assays and in Renilla luciferase assay lysis buffer (Promega) for Renilla luciferase assays. CAT activity was determined as described previously (68) . Luciferase assays were performed by using the Promega Renilla luciferase assay system according to the manufacturer's directions. Relative CAT activities were normalized to relative luciferase activities.
To measure the ability of the constitutively activated mutant IRF-3 5D (45) to activate gene expression, 293T cells were transfected by the calcium phosphate method with 0.5 g each of the ISG56 prom/pGL3b and pRL-tk, with 0.5 g of pCAGGS-IRF-3 5D, and with 5 g of either empty vector (pCDNA3), pcDNA3-EboVP35(Z), or pCAGGS-HA-VP35(R). Twenty-four hours posttransfection, the cells were harvested and assayed for firefly and Renilla luciferase activities.
To measure the ability of Ebola viruses to activate the ISG-54 promoter, 1 ϫ 10 6 293T cells were transfected in suspension with 0.3 g of the plasmid pHISG-54-CAT by using the calcium phosphate method. Transfected cells were seeded into 10-cm-diameter dishes and incubated for 24 h at 37°C. Thereafter, cells were washed two times with DMEM and infected with either SeV strain Cantell, Ebola virus Zaire, or Ebola virus Reston, each at an MOI of 3, or mock infected. After an incubation period of 24 h in DMEM with 2.5% fetal calf serum, the cells were harvested and lysed in reporter lysis buffer (Promega), and CAT or luciferase activities were determined.
To measure activation of the mouse IFN-␣4 promoter, transient transfection of 293T cells was performed by using the calcium phosphate method (68) . Each transfection included 0.5 g each of the mouse IFN-␣4 promoter reporter plasmid pIFN␣4-CAT and the constitutively expressed pRL-tk and 5 g of the indicated protein expression plasmid. Transfections also contained 1 g of IRF-3 expression plasmid (pCAGGS-hIRF-3) or empty vector (pCAGGS), as indicated. One day posttransfection, the cells were washed once with PBS and infected with SeV or influenza delNS1 virus at an MOI of 1. One day postinfection, CAT and Renilla luciferase assays were performed.
Subcellular localization of IRF-3 and VP35.
To analyze the subcellular localization of IRF-3, Vero cells were transfected using LF2000 with 0.2 g of pEGFP-C1-hIRF3, which expresses from a human cytomegalovirus promoter a human IRF-3-GFP fusion protein, and 0.4 g of the indicated expression plas- Fixed cells were washed with PBS, and where indicated, the HA-tagged Ebola virus VP35(R) protein was detected with a mouse anti-HA monoclonal antibody 12CA5 (Hybridoma Core Facility, Mount Sinai School of Medicine) at a dilution of 1:100. As a secondary antibody, Texas red-conjugated anti-mouse immunoglobulin G (IgG) (Rockland) was used at a dilution of 1:100. All antibodies were diluted in PBS with 3% bovine serum albumin. Cells were affixed to slides using ProLong antifade agent (Molecular Probes). Samples were examined under an Olympus IX-70 fluorescence microscope.
Localization of IRF-3 in Ebola virus-infected cells. VeroE6 cells were transfected, in suspension, with 5 g of pEGFP-c1-IRF-3 by using LF2000. Transfected cells were plated on 8-well chamber slides (Lab-Tek) and incubated for 24 h. Chamber slides were transferred into the BSL-4 laboratory at USAMRIID and infected with Ebola virus Zaire at an MOI of 1. Infected cells were washed with PBS, and then fresh viral growth medium was added. Twenty-four and forty-eight hours postinfection, infected cells were fixed for 24 h with 10% formalin before the slides were developed for the Ebola virus GP.
Slides were washed with water for 10 min. Fixed cells were further washed extensively with 1ϫ PBS, treated with proteinase K for 10 min at room temperature, and washed again with 1ϫ PBS. Cells were incubated with a mouse monoclonal antibody directed against Ebola virus Zaire GP (dilution, 1:2,000). Washed cells were then incubated with an anti-mouse IgG (dilution, 1:400) secondary antibody (Alexa Fluor 594, Molecular Probes). All antibodies were diluted with an antibody diluent containing background-reducing components (DAKO). Coverslips were affixed to glass slides using mounting media containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector). Slides were imaged using a Nikon TE2000 inverted fluorescent microscope. Ebola virus infections were conducted within the Biological Safety Level 4 (BSL-4) Laboratory at USAM-RIID. Personnel wore positive-pressure protective suits (ILC, Dover, Frederica, Del.) equipped with high-efficiency particulate air filters and supplied with umbilical-fed air.
Western blot analyses. 293T cells were transfected using LF2000. Each transfection of 1 ϫ 10 6 cells contained 1 g of the hIRF-3 expression vector pCAGGS-hIRF3 and 2 g of the indicated expression plasmid. Twenty-four hours posttransfection, cell monolayers were infected with SeV at a MOI of 10 or mock infected. Four hours postinfection, cell lysates were then made in NP-40 lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM sodium orthovanadate, 0.1 mg of leupeptin/ml, and 1 mM phenylmethylsulfonyl fluoride [PMSF]), as described previously (34) . These lysates were then subjected either to native gel electrophoresis as described previously (34) or to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 7.5% gel. After electrophoresis, the proteins were transferred to a nitrocellulose membrane in a buffer containing 40 mM glycine, 50 mM Tris base, 0.037% SDS and 20% methanol for 2 h. Human IRF-3 was detected by using a mouse anti-IRF-3 monoclonal antibody SL-12 (kindly provided by Peter M. Howley, Harvard Medical School) at a dilution of 1:1,000 in a solution of 5% nonfat dry milk in PBS. The secondary antibody was anti-mouse IgG conjugated to horseradish peroxidase (Boehringer Mannhein Corp.) (1:10,000 dilution in a solution of 5% nonfat dry milk in PBS). The Western blots were developed with Lightning chemiluminescence reagent (PerkinElmer).
Orthophosphate labeling and immunoprecipitation. 293 cells were transfected by using LF2000 transfection reagent and 1 g of pCAGGS or pCAGGS-hIRF-3 plus either empty vector (pcDNA3), pcDNA3-EboVP35(Z), pCAGGS-HA-VP35(R), or pcDNA3-EboNP. Eighteen hours posttransfection, the cells were mock infected or infected with SeV at an MOI of 4. From 2 to 4 h postinfection, the cells were grown in phosphate-free MEM. From 4 to 6 h postinfection, the cells were labeled with 2 mCi of [ 32 P]orthophosphate/ml (PerkinElmer). At 6 h postinfection, cells were washed with PBS and lysed in NP-40 lysis buffer (see above), and equal portions of each extract were immunoprecipitated with polyclonal mouse antiserum generated against a glutathione S-transferase fusion to amino acids 328 to 427 of human IRF-3.
RESULTS
VP35 blocks IFN-independent virus-induced activation of the ISG54 promoter.
It was previously demonstrated that VP35 could inhibit in 293 cells the activation of the IFNresponsive ISG54 promoter in response to dsRNA treatment or to SeV infection (7) . In these previous experiments, activation of the ISG54 reporter could have been mediated by either of two mechanisms. First, IFN produced in response to dsRNA treatment or to viral infection might have activated the ISG54 promoter. Alternatively, because it has been reported that IRF-3 can directly activate the promoters of several IFN-stimulated genes (ISGs), including the ISG54 and ISG56 promoters (26, 63, 70) , virus-or dsRNA-mediated activation of the transcription factor IRF-3 could have directly stimulated the ISG54 promoter. We therefore asked whether VP35 can block the virus-induced activation of the ISG54 or ISG56 promoters independently of IFN production. Vero cells, which do not produce IFN-␣/␤, were transfected with an ISG54-CAT reporter plasmid or a human ISG56-luciferase reporter plasmid plus a constitutively expressed Renilla luciferase plasmid and a mammalian expression plasmid. The expression plasmids were empty vector, a positive control plasmid encoding the influenza A virus NS1 protein (which inhibits IRF-3 activation [80] ), an Ebola virus Zaire VP35 expression plasmid, or a plasmid encoding an HA-tagged version of the Ebola virus Reston VP35 protein. Cells were subsequently mock infected or infected with SeV, a potent viral activator of IRF-3 (45), at an MOI of 4. Infection of cells transfected with empty vector resulted in a dramatic up-regulation of expression from either the ISG54 or the ISG56 promoters compared with that seen for uninfected, empty vector-transfected cells (Fig. 1A and B) . Expression of the influenza virus NS1 protein or the VP35 protein of Ebola virus Zaire dramatically decreased the activation of either reporter gene (Fig. 1A and B) . Interestingly, the HA-tagged VP35 protein of Ebola virus Reston also blocked ISG54 activation in Vero cells (Fig. 1A) . Similar results were obtained with an untagged Ebola virus Reston VP35 clone (data not shown). Transfection of a different Ebola virus protein, the nucleoprotein (NP), did not significantly affect virus-induced reporter gene expression (Fig. 1B) . That NP is expressed from this plasmid has been previously demonstrated (7) . To determine whether VP35 also affects IFN-induced gene activation, Vero cells were again transfected with either the ISG54 or the ISG56 promoter reporter genes in the presence of empty vector, an Ebola virus Zaire VP35 plasmid, an HA-tagged Ebola virus Reston VP35 plasmid, or an Ebola virus NP plasmid. One day posttransfection, the cells were treated with IFN-␤ and subsequently assayed for reporter gene expression. Neither the Zaire or Reston VP35 proteins were able to inhibit IFN-␤-induced activation of the ISG54 or the ISG56 promoters ( Fig.  1C and D) . Transfection, in parallel, of a plasmid encoding the Nipah virus V or W proteins, previously shown to inhibit IFN-␣/␤ signaling, was able to block IFN-␤-mediated ISG54 promoter activation (data not shown) (62) . We therefore conclude that the Ebola virus VP35 protein is able to block the virusmediated, but not the IFN-mediated, activation of the ISG54 and ISG56 promoters.
VP35 blocks the IRF-3 dependent, virus-induced activation of the mouse IFN-␣4 promoter. The ISG54 and ISG56 pro-VOL. 77, 2003 VP35 INHIBITS IRF-3 7947 moters can both be transcriptionally activated directly by IRF-3, without production of IFN, in response to viral infection (26, 54, 63) , suggesting that VP35 blocks IRF-3-dependent transcription. We therefore investigated the ability of VP35 to prevent the induction of an additional IRF-3-stimulated promoter, the mouse IFN-␣4 promoter. Overexpression of IRF-3 has previously been reported to cooperate with viral infection to activate the IFN-␣4 promoter (35) . We were therefore able to establish a transfection system where the virus-induced activation of the IFN-␣4 promoter was dependent on overexpression of IRF-3, because in the absence of IRF-3 overexpression, SeV infection did not lead to reporter gene induction (data not shown). Using this system, the Ebola virus Zaire VP35 was tested for its ability to inhibit the virus-induced activation of mouse IFN-␣4 promoter in the presence of overexpressed IRF-3. Cells were transfected with an IFN-␣4-CAT plasmid, an IRF-3 expression plasmid, and either empty vector, NS1 expression plasmid, or VP35 expression plasmid. In the absence of viral infection, little CAT activity was detected, and in the presence of VP35, the basal CAT activity was lower than in empty vector-transfected cells ( Fig. 2A) . When the cells were infected with SeV, activation of the IFN-␣4 promoter increased fivefold. The presence of VP35 completely blocked this virus-induced activation ( Fig. 2A) . As expected, a previously described IRF-3 inhibitor, the influenza A virus NS1 protein, also blocked promoter activation ( Fig. 2A) . Similar results were found when influenza delNS1 virus, a mutant influenza virus lacking the IFN antagonist NS1 protein (23), was used instead of SeV to induce IFN-␣4 promoter activity (Fig. 2B) . As in the SeV experiment, almost no CAT activity could be detected in cells, whether mock infected or delNS1 virus-infected, which were not overexpressing IRF-3 (data not shown). Combined, these data suggest that the Ebola virus VP35 protein can block virus-induced, IRF-3-dependent gene expression. VP35 blocks IRF-3 nuclear translocation. Given the ability of VP35 to inhibit IRF-3-mediated gene expression, it was important to define how IRF-3 function was blocked. Virus infection can induce serine/threonine phosphorylation near the carboxy-terminus of IRF-3 (45, 46, 74, 94) . This phosphorylation leads to the dimerization and nuclear accumulation of IRF-3 (40, 46, 74, 94) . In order to begin to assess the mechanism by which VP35 inhibits IRF-3-dependent gene activation, we assessed the ability of VP35 to inhibit the nuclear accumulation of IRF-3 by using GFP-IRF-3 fusions, which have been used by a several investigators to monitor the nuclear accumulation of IRF-3 (30, 40, 45, 79) . To demonstrate that inhibition of GFP-IRF-3 nuclear accumulation correlated with VP35 expression, Vero cells were transfected with an excess of GFP-IRF-3 and limiting amounts of an HA-tagged Ebola virus Reston VP35 expression plasmid (Fig. 3A) . All cells expressing HA-tagged Ebola virus Reston VP35 showed exclusively cytoplasmic GFP-IRF-3 localization following SeV infection. Of those cells not expressing VP35, the large majority showed nuclear accumulation of IRF-3, providing further evidence that VP35 expression blocks virus-induced nuclear accumulation of IRF-3 (Fig. 3A) .
Vero cells were also transfected with an excess of either protein expression plasmid or empty vector and a limiting amount of GFP-IRF-3 plasmid. In the absence of additional treatment, the vast majority of GFP-expressing cells displayed exclusively cytoplasmic IRF-3 localization (Fig. 3B) . When cultures transfected with GFP-IRF-3 and empty vector were subsequently infected with SeV, approximately 90% of GFP-positive cells showed nuclear accumulation of IRF-3 (Fig. 3B) . In contrast, in cells cotransfected with Ebola virus Zaire VP35 or HA-tagged Ebola virus Reston VP35, nuclear accumulation of IRF-3 was drastically reduced (Fig. 3B) . Similarly, expression of the influenza virus NS1 protein, previously reported to inhibit nuclear accumulation of IRF-3 in response to viral infection, also reduced GFP-IRF-3 nuclear accumulation (Fig. 3B) . In contrast, a different Ebola virus protein, VP24, did not block virus-induced nuclear accumulation of GFP-IRF-3 (Fig. 3B) . Our ability to differentiate nuclear from cytoplasmic IRF-3 is illustrated in Fig. 3A .
VP35 blocks virus-induced IRF-3 dimerization and phosphorylation.
Experiments were then performed to determine whether the VP35-mediated inhibition of IRF-3 nuclear localization might be due to an inhibition of IRF-3 phosphorylation and/or dimerization. 293T cells were transfected with a human IRF-3 expression plasmid and either empty vector or plasmids expressing Ebola virus Zaire VP35, HA-tagged Ebola virus Reston VP35, or Ebola virus Zaire NP proteins and subsequently mock infected or infected with SeV. We employed a previously described native PAGE method which separates IRF-3 monomers and dimers and detects IRF-3 by immunoblotting (34) . This is a sensitive method to distinguish inactive (monomeric) from active (dimeric) IRF-3 (34) . By this method, SeV infection was found to induce formation of IRF-3 dimers by 4 h postinfection. Expression of VP35 blocked IRF-3 dimerization, whereas that of Ebola virus NP did not (Fig. 4A,  upper panel) . The same cell extracts used for native gel electrophoresis were also analyzed by standard SDS-PAGE and Western blotting. Infection of empty vector-transfected cells with SeV induced a slower migrating form of IRF-3 (Fig. 4A,  middle panel) . Similar virus infection-induced shifts in IRF-3 have previously been ascribed to phosphorylation of serine and threonine residues near its carboxy terminus (72) . The expression of VP35 blocked the formation of the slower migrating form of IRF-3, whereas that of Ebola virus NP proteins did not (Fig. 4A, middle panel) , suggesting that VP35 inhibits IRF-3 phosphorylation. Further confirmation that VP35 blocks IRF-3 phosphorylation was shown by immunoprecipitating IRF-3 from SeV-infected cells radiolabeled with [
32 P]orthophosphate. Whereas IRF-3 phosphorylation was greatly enhanced by SeV infection in empty vector-transfected cells or NP-expressing cells, IRF-3 phosphorylation was completely blocked in VP35-expressing cells (Fig. 4B) .
In order to determine whether the ability of VP35 to inhibit IRF-3 transcriptional activation is dependent upon its ability to promote gene expression in L929 cells [77] ). A tenfold excess of either VP35 or HA-tagged Reston VP35 expression plasmid was unable to inhibit the IRF-3 5D-mediated activation of the human ISG56 promoter (Fig. 4C) . This strongly suggests that VP35 blocks IRF-3 activation by preventing IRF-3 phosphorylation.
IRF-3 is not activated in Ebola virus-infected Vero cells. If VP35 expression blocks activation of IRF-3 in response to
infection with heterologous viruses, such as SeV and influenza delNS1 virus, it would be expected that Ebola virus infection would not activate the ISG54 promoter and would not promote nuclear accumulation of IRF-3. To test whether Ebola virus infection activates the ISG54 promoter, 293 cells were transfected with the ISG54-CAT reporter plasmid. One day posttransfection, the cells were infected with either SeV, Ebola virus Zaire, or Ebola virus Reston, each at an MOI of 3, or mock infected. After an incubation period of 24 h, CAT activity was determined. In dishes infected in parallel, the Ebola virus Reston-infected and mock-infected cells were stained for Ebola virus antigen. Despite the efficient infection of the cells by Ebola viruses, no activation of the ISG54 promoter was detected (Fig. 5A) . In contrast, SeV infection strongly activated the ISG54 promoter (Fig. 5A ). To test whether Ebola virus infection promotes IRF-3 nuclear translocation, Vero cells were transfected with the GFP-IRF-3 expression plasmid and 1 day later were mock infected or infected with Ebola virus Zaire. The cells were then fixed at 24 or 48 h postinfection and stained with antibodies against the Ebola virus surface glycoprotein GP. Infection did not induce significant GFP-IRF-3 nuclear accumulation at either 24 (data not shown) or 48 h postinfection despite the presence of significant amounts of viral antigen (Fig. 5B) . These observations are consistent with the presence of an Ebola virus-encoded inhibitor of IRF-3 activation.
DISCUSSION
This study demonstrates that the Ebola virus VP35 protein inhibits the activation of IRF-3 in response to viral infection. IRF-3 is a cellular transcription factor that plays a central role in the initiating the host cell IFN response to viral infection (for recent reviews, see references 3, 5, 43, 66, 72, 81, and 93) . Activation of IRF-3 contributes to the immediate activation of IFN-␤ gene expression and of select IFN-␣ genes as well as the immediate expression of several other genes with potential antiviral activity (26) . Previously, we had found that expression of VP35 could complement the growth of a mutant influenza virus, influenza delNS1 virus, which lacks the influenza virus IFN antagonist NS1 protein (7). VP35 had also been found to block activation of the IFN-␤ promoter by dsRNA or by virus infection, to inhibit SeV-or influenza delNS1 virus-induced transcription of the endogenous IFN-␤ promoter, and to inhibit the virus-induced activation of the ISG54 promoter (7) . In the present study, we have demonstrated that VP35 expression inhibits the virus-induced activation of both the ISG54 promoter and the ISG56 promoter in Vero cells. In contrast, VP35 was not able to block the activation of either promoter following treatment of cells with IFN-␤. Because Vero cells do not produce IFN-␣/␤, which might otherwise activate the ISG54 and ISG56 promoters (51) , and because both the ISG54 and ISG56 promoters can be activated directly by IRF-3 (26, 54) , these results suggested that VP35 could block IRF-3 mediated activation of these genes. Furthermore, VP35 expression inhibited virus-induced, IRF-3-dependent activation of the mouse IFN-␣4 promoter (Fig. 2) . These results are consistent with earlier studies demonstrating that Ebola virus infection blocks host cell responses to both dsRNA, which is often used as an experimental inducer of IFN responses, and IFN (28, 29) . They are also consistent with studies showing that Ebola virus infection does not induce production of IFN in some cell types and can block the dsRNA-induced production of IFN-␣/␤ in primary human peripheral blood mononuclear cells and monocytes (27) . Our results also address the manner in which IRF-3 is inhibited by VP35. Our data using a GFP-IRF-3 fusion protein as a marker for cellular IRF-3 localization indicate that the presence of VP35 prevents the virus-induced nuclear accumulation of IRF-3 (Fig. 3) . In order to define how VP35 affects the IRF-3 activation process, we examined the dimerization and phosphorylation of IRF-3. Expression of VP35 was able to prevent IRF-3 dimerization and virus-induced phosphorylation of IRF-3 (Fig. 4) . That expression of VP35 was unable to inhibit the function of IRF-3 5D, which does not need to be phosphorylated to stimulate gene expression, argues strongly for a model whereby VP35 functions specifically by blocking IRF-3 phosphorylation.
Several viruses, including human cytomegalovirus, are known to activate IRF-3 through interactions with the host cell prior to viral entry (55, 65) . Several other viruses encode proteins which are known to inhibit the function of IRF-3. The influenza A virus NS1 protein prevents IRF-3 activation and blocks production of IFN-␣/␤ in influenza virus-infected cells (23, 79) . This activity appears to require the dsRNA-binding activity of NS1, suggesting a model where NS1 binds to dsRNA produced during viral infection and prevents the activation of dsRNA-downstream pathways leading to IRF-3 phosphorylation (79) . Similarly, the vaccinia virus E3L protein, also a dsRNA-binding protein, inhibits IRF-3 activation (76); whereas a vaccinia virus lacking E3L activates IRF-3 upon infection, wild-type vaccinia virus does not (92) . The human papillomavirus 16 E6 protein has been shown to bind IRF-3 and to inhibit IRF-3 transcriptional activity (44, 67) . HHV-8 vIRF-1 and vIRF-3 have also been shown to bind to IRF-3 (3, 44) . The reported ability of vIRF-1 to interact directly with IRF-3, to associate with CBP/p300, to inhibit CBP/p300 transcriptional activation, and to compete with IRF-3 for binding to CBP/p300, may play a role in the ability of vIRF-1 to affect IRF-3-related transcriptional activity (16, 44, 71) . The ability of vIRF-3 to influence virus-induced IFN-␣ gene expression may be related to its ability to interact with IRF-3 and/or CBP/p300 (3). Recently, the rotavirus NSP1 protein was shown to interact with IRF-3, although it has not yet been reported to inhibit IRF-3 function (25) . Also, noncytopathogenic bovine viral diarrhea virus blocks IFN-␣/␤ production by preventing formation of IRF-3-DNA complexes, although the mechanism by which this occurs is, as yet, undefined (2) . Finally, the V proteins of paramyxoviruses, which were previously shown to block signaling from the IFN-␣/␤ receptor by promoting degradation of STAT proteins (1, 20, 39, 60, 61) , have been reported to inhibit IFN-␤ gene expression and to block dsRNAinduced nuclear translocation of an IRF-3-GFP fusion protein (30, 64) .
Our data suggest that VP35 inhibits IRF-3 activation primarily by inhibiting phosphorylation. The identification of host cell factors that interact with VP35 would shed light on its mechanism of action, and experiments to identify such proteins are under way. Experiments to determine whether VP35 interacts directly with IRF-3 have thus far yielded only negative results. The ability of VP35 to prevent IRF-3 phosphorylation suggests the possibility that VP35 may interact with some component of the virus-activated signaling pathway which leads to IRF-3 activation. It will also be of interest to examine the effect of VP35 on other IRF family members. The influenza virus NS1 and vaccinia virus E3L proteins reportedly also prevent IRF-7 activation (48, 76) , and other viral IRF-7 inhibitors have been described (96) . IRF-7 and IRF-5 are of particular interest because they are involved in direct virus-induced activation of IFN-␣ genes (4, 48, 50, 70) .
We have found that the Ebola virus Reston VP35 behaves similarly to the Ebola Zaire virus VP35 with regard to IFN antagonist functions, at least in the cell types tested. The Reston VP35 inhibits activation of the ISG54 promoter. Like the Zaire VP35, Reston VP35 blocks GFP-IRF-3 nuclear accumulation and appears to inhibit IRF-3 phosphorylation in response to SeV infection. In addition, infection of human-derived 293 cells with Ebola virus Reston did not activate the ISG54 promoter. Ebola virus Reston causes lethal disease in nonhuman primates but did not cause disease in the few documented cases of human exposure. Animal handlers caring for Ebola Reston virus-infected cynomolgus macaques did not become ill but did seroconvert, suggesting that they experienced subclinical infections (12, 18) . In contrast, the Zaire subtype of Ebola virus appears to be the most lethal filovirus in humans, and outbreaks of Ebola virus Zaire have had reported fatality rates approaching 90 percent (69) . Based on these observations, some have suggested that the Reston strain is avirulent in humans; however, the possibility exists that Ebola virus Reston may cause human disease under some circumstances (12) . Given the possible differences between Ebola Zaire and Ebola Reston viruses in terms of human virulence, comparisons of these viruses are therefore of great interest. At this point our data do not suggest differences in IFN antagonist function for Zaire versus Reston virus VP35s. However, we cannot presently rule out the possibility that there exist species-specific or cell type-specific differences between the VP35s of different filoviruses.
The IFN antagonist activity of the VP35 protein is likely to play a significant role in Ebola virus pathogenesis. Data from several viruses have demonstrated that functional IFN antagonists are required for virulence in animal models. For example, an influenza virus lacking the IFN-antagonist NS1 protein, influenza delNS1 virus, is avirulent in BALB/c mice, whereas the isogenic wild-type influenza A/PR/8/34 (H1N1) virus (PR8 virus) readily kills mice (23) . However, the influenza delNS1 virus kills STAT1-null mice, which lack a critical component of the IFN-␣/␤ system (23) . The ability of influenza delNS1 virus to kill mice with defective IFN-signaling pathways demonstrates that its attenuation in wild-type mice is related to the IFN system. Similarly, we would predict that an Ebola virus lacking an effective IFN antagonist activity would be attenuated, and the inability of wild-type Ebola viruses to cause disease in mice may reflect an inability of Ebola viruses to counteract the mouse IFN system (13 function, large amounts of IFN-␣/␤ would be produced, inducing in cells an antiviral state and leading to inhibition of viral spread. In addition, VP35 may assist Ebola virus in evading other aspects of the host antiviral response, as IFN-␣/␤ appear to influence adaptive immune responses (6) . In particular, IFN-␣/␤ production has been shown to influence the production of other immunoregulatory cytokines, including interleukin-15 and IFN-␥, and to influence NK cell and dendritic cell function (reviewed in references 9 and 59). Interestingly, Ebola virus infection has recently been reported to impair human dendritic cell function (47) . It is possible that the ability of VP35 to inhibit IFN production may contribute to the ability of Ebola virus to inhibit dendritic cell functions. While our data provide insights into the mechanism by which VP35 blocks IFN production, the overall impact of the IFN antagonist function of VP35 on Ebola virus replication remains to be determined. Several recently developed technologies are likely to prove useful in elucidating the functional significance of the VP35 IFN antagonist activity. Reverse genetics methods have been established for Ebola virus, permitting the introduction of specific alterations into the viral genome (56, 83) . These techniques hold the promise of creating viruses devoid of VP35 anti-IFN activity. However, the prospect of creating such a mutant VP35 virus is complicated by the other functions of VP35, including its essential role in viral RNA synthesis and its role in viral assembly (33, 52, 53) . We are seeking to identify mutations that eliminate VP35 anti-IFN function without significantly impairing its other functions. The developing genomics and proteomics technologies also hold great promise in helping to define the impact of viral infection and viral gene expression on the host cell (37) . Recently, microarray technology has been employed to study the impact of both wild-type and mutant NS1 IFN-antagonist proteins of influenza A viruses (24) . Such techniques could be employed to analyze the IFN response to Ebola virus infection in different cell types and to compare the IFN responses in cells infected with different subtypes of Ebola virus. These techniques could also be used to examine the specific influence of VP35s of different filovirus strains in different cell types. Ultimately, it is hoped that our current and future studies on VP35 will enhance our understanding of the pathogenesis of filoviruses and identify new targets for antiviral therapies.
